Fibronectins (FNs) are large glycoproteins (220 to 250 kDa) found in soluble form in plasma, as well as in insoluble form in the extracellular matrix. They have critical roles in cell adhesion, migration, differentiation, and proliferation (17) . They interact with integrins and other cell surface receptors (17) . Different regulatory molecules, e.g., serum, gamma interferon, cyclic AMP, and glucocorticoid hormones, affect FN expression at the transcriptional or posttranscriptional level (5-7, 10, 11) . Loss of FN is well correlated with malignancy (17) . In fact, loss of FN in hamster sarcoma virus-transformed cells was the original observation that led to the discovery and characterization of these glycoproteins (14, 16) .
Among human papillomaviruses (HPVs), high-risk type 16 (HPV-16) and HPV-18 are usually detected in cervical cancers and derived cell lines (42, 43) . Their major transforming proteins E6 and E7 (3, 24) bind and inactivate the tumor suppressor p53 and retinoblastoma (pRB) proteins, respectively, causing disruption of cell cycle control (43) . The E7 oncoprotein can also interact with several other cellular proteins, e.g., AP-1, p130, and TATA box-binding protein (Los Alamos National Laboratory website; http://linker.lanl.gov/stdgen/virus /hpv/compendium/htdocs/HTML_FILES/), as well as act as a transactivator (22, 31, 41) , properties that may be associated with the oncogenic potential of these viruses. Prior to this study, there was no information about the effect of the HPV-16 E7 oncoprotein on FN expression.
The FN protein level was analyzed in cells transiently expressing the HPV-16 E7 protein. CV-1 cells infected with a recombinant vaccinia virus (vTF7-3) encoding the T7 RNA polymerase protein (13) were transfected with the construct pGE7, which encodes the HPV-16 E7 oncoprotein under control of the T7 polymerase promoter. pGE7 was constructed by subcloning of a cDNA fragment containing the complete E7 open reading frame (nucleotides 505 to 1176) isolated from pE7Mo (12) into pGem4Z (Promega Corp., Madison, Wis.). A low multiplicity of infection (MOI) of 3 PFU/cell and a short time postinfection (6 h) were employed to minimize the cytopathic effect associated with vaccinia virus replication. As previously reported, the cytopatic effect associated with vaccinia virus replication occurs at early times postinfection only when a high MOI (Ͼ150 PFU/cell) is employed (1, 2) . Six hours after transfection, the cells were lysed and the proteins were subjected to sodium dodecyl sulfate (SDS)-8% polyacrylamide gel electrophoresis (PAGE) and then transferred to a polyvinylidene difluoride membrane. The top and lower portions of the membrane were probed with murine monoclonal antibodies against FN (Transduction Laboratories, Lexington, Ky.) or ␤-tubulin (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.), respectively, and alkaline phosphatase-conjugated goat anti-mouse antibody. Signals were detected employing a chemifluorescent substrate (Amersham Pharmacia) and a Storm 840 PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Signals were quantified with Image-Quant software, version 1.1 (Molecular Dynamics), and FN values were normalized to tubulin content. A reduction of approximately 60% in the amount of FN was detected in the cultures transfected with pGE7 compared with mock-infected cells or cells infected with vTF7-3 and transfected with the empty control vector pGem4Z (Fig. 1 ). This reduction was not related to vaccinia virus replication, because the same amount of FN was detected in mock-infected cells and vaccinia virus-infected cells transfected with the empty vector. A 60% reduction in FN expression was also detected in primary normal human oral keratinocytes (NHOK) as a result of transient E7 expression (data not shown). The steady state of tubulin (Fig. 1A) , actin, or collagen type IV was not affected by E7 expression (data not shown).
Since FN is a glycoprotein which, under normal conditions, is secreted into the external medium, a possible explanation for the observed decrease in its steady state was that E7 could affect the intracellular sorting of FN or accelerate its secretion. Alternatively, an increase in the rate of degradation of FN could also result in the same defect. Pulse-chase and immunoprecipitation of FN in cells expressing E7 were employed to investigate these possibilities. CV-1 cells infected with vTF7-3 with an MOI of 3 PFU/cell were transfected with pGE7 or pGem4Z. Three hours after transfection, the cells were incubated for 45 min in cysteine-free minimum essential medium with 10% dialyzed fetal bovine serum and then pulse-labeled with 250 Ci of [
35 S]cysteine (ICN Biomedicals, Inc., Irvine, Calif.) per ml for 15 min. Proteins were chased for different times with an excess (10ϫ) of cold cysteine. At the indicated times, the culture supernatants were collected and the cells were lysed for 30 min on ice in 1 ml of 1ϫ RIPA (50 mM Tris-HCl [pH 7.6], 150 mM NaCl: 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) and a protease inhibitor cocktail (Boehringer GmbH, Mannheim, Germany). The collected supernatants also were kept for 30 min on ice in 1ϫ RIPA and the protease inhibitor cocktail. The cell lysates and culture supernatants were centrifuged at 10,000 ϫ g for 10 min at 4°C. Pellets containing debris and unsolubilized proteins were discarded. Proteins were immunoprecipitated from the supernatant at 4°C first with a goat polyclonal antibody against FN (Santa Cruz Biotechnology, Santa Cruz, Calif.) and subsequently with a mixture of two murine monoclonal antibodies against E7 obtained from Zymed Laboratories Inc., San Francisco, Calif., and Santa Cruz Biotechnology. Alternatively, only E7 was immunoprecipitated from the cell lysates using the same mixture of murine monoclonal antibodies. The immune complexes, collected with a mixture of proteins A and G, were washed three times with ice-cold washing solution (50 mM Tris-HCl [pH 7.6], 500 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1% bovine serum albumin, protease inhibitor cocktail) and once with 1ϫ RIPA. Proteins were extracted for 10 min at 95°C in 2ϫ SDS sample buffer (1ϫ SDS sample buffer contains 62.5 mM Tris-HCl [pH 6.8], 2% SDS, 2 mM EDTA, 5% 2-mercaptoethanol, 10% glycerol, and 0.001% bromophenol blue) and electrophoretically separated by SDS-8% PAGE (FN detection) or SDS-12% PAGE (E7 detection). Gels were fixed, dried, and exposed to PhosphorImager screens. Signals were detected with a Storm 840 PhosphorImager. There was a significant decrease in the amount of FN synthesized in the cells transfected with pGE7 compared to mock-infected cells or to cells infected with vTF-3 and transfected with pGem4Z lacking E7 (Fig. 2A) . The chase pattern of the cell-associated FN in cells transfected with pGE7 was the same as that in the controls, indicating that the FN decrease was not due to a shortened half-life ( Fig. 2A) . Analysis of the secreted FN in the control cultures indicated that within 30 min FN appeared in the extracellular medium and reached a peak within 60 min after the pulse (Fig. 2B ). In cells transfected with pGE7, a significant fraction of FN was detected in the extracellular medium, albeit approximately 30 min later that in control cells, indicating that there was no accelerated secretion ( Fig. 2B ). E7, which was immunoprecipitated after FN, was only found as a cell-associated protein with a half-life of approximately 90 min (Fig. 2C ). No signals were detected when the immunoprecipitation was performed with preimmune goat or mouse serum (data not shown).
The above-described results suggested that FN downregulation by E7 occurred before its translation. Northern blot analysis showed a significant decrease in the amount of mRNA encoding FN in CV-1 cells transiently expressing E7 (data not shown). To confirm this result and rule out an artifact due to E7 overexpression, the content of endogenous FN mRNA was analyzed in a different system, in which E7 expression was more akin to natural conditions. We used a nontumorigenic immortal cell line (HOK-16B) which expressed a low level of the E7 oncoprotein (19) . This cell line was established by transfection of primary NHOK with the cloned HPV-16 genome (28) . The FN mRNA content was also determined in another nontumorigenic NHOK-derived cell line (HOK/16E7) which only expressed moderate levels of E7. HOK/16E7 cells were established by infecting NHOK with a retrovirus encoding the HPV-16 E7 protein under the control of the Moloney leukemia virus long terminal repeat (MLV LTR) (24) . We also analyzed the FN mRNA content in seven HPV-positive and three HPV-negative tumorigenic cell lines. Total RNA was extracted from these cell lines, resolved in a 0.8% agarose-formaldehyde gel, and transferred to a nylon membrane as previously described (33) . A cDNA for human FN (encompassing nucleotides 2323 to 2739) was used as a template for probe synthesis employing [␣-
32 P]dCTP (ICN Biomedicals, Inc., Irvine, Calif.) and Prime-It RmT (Stratagene, La Jolla, Calif.). After prehybridization, hybridization, and washes, the signals were detected with a Storm 840 PhosphorImager. Strong signals corresponding to endogenous FN mRNA were only detected in NHOK, normal human cervical epithelial cells (CrEC-Ec), and the HPV-negative cell lines SCC-9 and KYSE150 ( promoter was constructed by subcloning the hFN promoter isolated from pBShFN508 (39) into the BglII-HindIII sites of the pGL3-Control vector (Promega Corp.). The resulting construct, pFN-Luc, contained the hFN promoter, from nucleotide Ϫ508 to nucleotide ϩ18, ϩ1 being the transcription start site (39) . The pFN-Luc construct was confirmed by DNA sequence analysis. The HPV-16 E7 protein was expressed using the construct pE7Mo, where E7 expression is under the control of the MLV LTR (12) . The chloramphenicol acetyltransferase (CAT) reporter plasmid pOP13CAT (Stratagene Cloning Systems, La Jolla, Calif.) was used as a control for transfection efficiency. Subconfluent monolayers of CV-1 cells (5 ϫ 10 5 cells) were cotransfected with pOP13CAT (0.5 g), pFN-Luc (2 g), and the empty control vector pMo (12) or pE7Mo (4 g), and cell extracts were analyzed 48 h posttransfection (Fig.  4A) . Luciferase activity was determined with the Luciferase Assay System (Promega Corp.) and a luminometer (Turner Designs, Sunnyvale, Calif.). CAT activity was assayed with [ 14 C]chloramphenicol (ICN Biomedicals, Inc.) and the CAT Enzyme Assay System (Promega Corp.). An approximately 60% luciferase activity reduction was detected only in the cells cotransfected with pE7Mo. This reduction was dependent on the amount of pE7Mo used (Fig. 4B ) and reached 95% 72 h posttransfection (see Fig. 5 ). E7 did not affect CAT activity (data not shown) or, as mentioned above, actin, tubulin, or collagen type IV expression, indicating that the inhibition of the hFN promoter was not due to a general effect of E7 on the transcription machinery. These results supported the conclusion that FN was repressed at the transcriptional level in cells expressing HPV-16 E7.
The activity of the hFN promoter was also analyzed in NHOK, HOK-16B, and HOK/16E7 cells cotransfected with pOP13CAT and pFN-Luc. Cell extracts were obtained 48 h later and analyzed for luciferase and CAT activities (Fig. 4C) . A luciferase activity reduction of approximately 80% was detected in HOK-16B cells; as well as in HOK/16E7 cells, indicating that the repression of the hFN promoter detected with the transient-expression system was not due to E7 overexpression. Moreover, when the hFN promoter activity was assayed in two immortal nontumorigenic HPV-18-positive cell lines (36), similar results were obtained (Table 1 ). These two cell lines, HOK-18A and HOK-18C, which also expressed the HPV E7 gene (36) , showed 60 and 90% reductions, respectively, in luciferase activity compared to NHOK.
The inhibitory effect of HPV upon the hFN promoter was further confirmed when the luciferase activity of pFN-Luc was assayed in several HPV-positive or -negative human tumor cell lines (Tables 1 and 2) . A reduction in luciferase activity was detected in all nine of the HPV-positive tumor cell lines analyzed compared to NHOK or CrEC-Ec cells. This reduction varied among different cell lines, possibly reflecting dissimilar expression of the E7 protein (4, 19) . On the contrary and surprisingly, some of the HPV-negative tumor cell lines analyzed showed much higher luciferase activity than normal cells. Nevertheless, FN was only detected in SCC-9 and U-20s cells (data not shown). This observation suggested that in these HPV-negative cell lines, FN downregulation may result from mechanisms other than repression of its transcription, such as alterations in the FN biosynthetic rate or in FN mRNA splicing, posttranslational modifications, or transformation-induced proteolysis (17) . We cannot rule out the possibility that cellular alteration, other than that caused by E7 expression, associated with tumor development also plays a role in the observed FN downregulation in HPV-positive tumor cells.
E7 proteins, with mutations that partially disrupt their oncogenic potential, were tested for the ability to repress the hFN promoter. Plasmids p24Gly, p26Gly, p31Arg, p58Gly, and p91Gly encode mutant HPV-16 E7 proteins under the control of the MLV LTR (12) . The plasmids encoding the mutant E7 proteins, p24/26Gly/Gly and p31/32Ala/Ala, were constructed by PCR site-directed mutagenesis of pE7Mo using mutagenic primers 5Ј ACAACTGATCTCTACGGTTATGGGCAATTA AATGACAGC 3Ј and 5Ј GAGCAATTAATGACGCCGCA GAGGAGGAGGATGAA 3Ј, respectively. Plasmid p24/26Gly/ Gly encodes a protein in which the 24Cys and 26Glu amino acid residues of wild-type (WT) E7 were mutated to 24Gly and 26Gly. Plasmid p31/32Ala/Ala encodes a protein in which Ser amino acid residues 31 and 32 of WT E7 were mutated to Ala. All of the constructs generated were confirmed by DNA sequence analysis. Subconfluent monolayers of CV-1 cells were cotransfected with pOP13CAT, pFN-Luc, and the constructs encoding the WT or mutant E7 proteins. Cell extracts were analyzed 72 h posttransfection for luciferase and CAT activities as described above (Fig. 5 ). Cells transfected with plasmid pE7Mo, which encoded the WT E7 protein, showed a 95% reduction in luciferase activity compared to cells transfected with empty control vector pMo. Cells transfected with plasmids encoding mutant E7 proteins in which the pRB-binding site was disrupted, i.e., 24Gly, 26Gly, and 24/26Gly/Gly, showed luciferase activity similar to that of cells transfected with the pE7Mo. Cells transfected with plasmids encoding mutant E7 protein 31Arg or 31/32Ala/Ala, in which the E7 proteins cannot be phosphorylated by casein kinase II, also showed less than 10% luciferase activity. On the contrary, cells transfected with the plasmids encoding E7 proteins with mutations in the Cys-X-X-Cys repeats, i.e., 58Gly and 91Gly, failed to repress the hFN promoter to the same extent as cells transfected with pE7Mo. The luciferase activity in cells transfected with p58Gly and p91Gly was, on average, approximately 70 and 60% higher, respectively, than that detected in cells transfected with a vector encoding WT E7. This suggests that both Cys-X-X-Cys repeats are involved in the repression of the hFN promoter. We cannot rule out the possibility that other domains of E7 also play a role in this phenomenon, but the Cys-X-X-Cys domains appear to be the most significant.
Previous reports have indicated that mutations affecting the Cys-X-X-Cys repeats caused a decrease in the half-life of E7 (23, 30, 40) . This phenomenon raises the possibility that the lack of repression of the hFN promoter detected with the 58Gly and 91Gly mutants is due to a significant decrease in the steady state of these E7 proteins. To investigate this possibility, we carried out pulse-chase and immunoprecipitation experiments to determine the half-lives of the two Cys mutant proteins in CV-1 cells. CV-1 cells transfected with pMo, pE7Mo, p58Gly, or p91Gly were pulse-labeled 72 h later for 15 min and chased for different time periods, and the E7 proteins were detected by immunoprecipitation and SDS-PAGE as indicated above. Representative electrophoretic profiles of the WT and 58Gly and 91Gly mutant E7 proteins are shown in Fig. 6A . While the half-life of WT E7 in CV-1 cells was approximately 90 min, those of 58Gly E7 and 91Gly E7 were close to 40 and 60 min, respectively (Fig. 6B ). Signals were not detected in the immunocomplexes obtained from CV-1 cells or CV-1 cells transfected with pMo (data not shown). The 58Gly mutant E7 protein showed a 65% decrease in its half-life compared to WT E7, while the 91Gly mutant E7 protein showed a 35% reduction in its stability. However, our results suggested that this difference in stability between WT E7 and both of the E7 Cys mutant proteins was insufficient to account for the loss of FN repression, since the two mutant proteins showed similar levels of pFN-Luc repression despite the difference in their half-lives. Although a defect in cellular localization was not detected by immunofluorescence assay when these two mutant proteins were transiently expressed using the vaccinia virus-T7 expression system (data not shown), we cannot rule out the possibility that other defects resulting from these mutations, e.g., dimerization and zinc binding, could also contribute to their failure to repress the hFN promoter. Loss of FN on the surface of transformed cells appears to be involved in oncogenic progression (17) . Transforming agents responsible for this effect include viral oncogenes, e.g., src (Rous sarcoma virus), T antigens (Simian virus 40), E1A, and E1B (adenovirus), as well as chemical carcinogens (17) . Our results showed that high-risk HPV E7 was also able to downregulate FN expression by repressing its transcription. The mechanism responsible for this phenomenon may involve the Sp1 transcription factor. The adenovirus E1A protein, which shares amino acid sequence similarity with portions of E7, represses rat FN transcription. This repression is mediated by G10BP, a negative regulator of Sp1, and is abrogated by disruption of the pRB-binding domain in E1A (25) (26) (27) 38) . Although the human and rat FN promoters seem to be activated by Sp1, the two promoters differ in terms of the arrangement and C content of their G-rich sequences. These differences are such that G10BP was unable to bind any of the GC boxes found in the hFN promoter (39) , an indication that different factors or mechanisms may be involved in its regulation. Furthermore, as shown in this study, mutations of the pRB-binding domain in the HPV-16 E7 protein did not abrogate the hFN promoter transcription repression induced by E7 despite the fact that pRB stimulated Sp1-mediated transcription (9, 20) . However, mutations affecting the E7 Cys-X-X-Cys repeats resulted in a protein unable to repress the hFN promoter. The Cys-X-X-Cys repeats play different roles in the biological properties of E7, such as transactivation (37, 40) , immortalization (18) , protein stability, dimerization, and zinc binding (23, 30, 32, 40) . In addition, the Cys-X-X-Cys repeats can interact with pRB in the absence of high pRB affinity conserved region 2 of FIG. 5. FN promoter activity in cells expressing mutant E7 proteins. CV-1 cells were cotransfected with pOP13CAT and pFN-Luc plus pMo or with pFNLuc plus pE7Mo or pFN-Luc plus several constructs encoding mutant E7 proteins (p24Gly, p26Gly, p24/26Gly/Gly, p31Arg, p31/32Ala/Ala, p58Gly, and p91Gly). Seventy-two hours after transfection, the cells were lysed and assayed for luciferase and CAT activities. E7, which encompasses amino acids 20 to 30 (29) . These repeats seem to be responsible for disruption of the pRB-E2F complex mediated by HPV E7, while the region encompassing only the pRB-binding domain in E1A appears to be sufficient to disrupt the same complex (15, 29) . The mechanism by which pRB stimulates Sp1-mediated transactivation may involve its physical associations or, more likely, the interaction of pRB with regulators of Sp1 function (9) . Since the binding of E7 to pRB affects its biological properties, it is tempting to speculate that the normal interaction between pRB and Sp-1 regulators is also affected in the presence of E7, which can lead to FN downregulation. The Cys-X-X-Cys repeats are also involved in the association of E7 with Mi2 and histone deacetylase activity (8) , a phenomenon that could be involved in FN repression. For example, a defective histone deacetylase complex, resulting from its interaction with E7, could cause inappropriate derepression of the gene(s) encoding regulators of FN transcription.
This study suggested that FN downregulation precedes oncogenic transformation in HPV-positive tumors, since we found that FN was downregulated in three immortal nontumorigenic cell lines which expressed the high-risk HPV E7 protein. These cells should provide a critical tool with which to study the changes in cell adhesion, migration, differentiation, and proliferation that may occur as a result of FN repression before tumor development.
